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^ ! Abstract 

in 

o 

O ■ We study how the property of asymptotic helicity conservation (HCns), expected for any 

2-to-2 process in the minimal supersymmetric model (MSSM), is realized in the processes 

i— ^ ■ 99 ^ 'y'y,'yZ, ZZ,W~^W~, at the Hoop electroweak order and very high energies. The 

Q I violation of this property for the same process in the standard model (SM), is also shown. 

This strengthens the claim that HCns is specific to the renormalizable SUSY model, and 
not generally valid in SM. HCns strongly reduces the number of non-vanishing 2-to-2 

^ . amplitudes at asymptotic energies in MSSM. 



PACS numbers: 12.15.-y, 12.15.-Lk, 14.70.Fm, 14.80.Ly 



1 Introduction 

Supersyinmetry confers the remarkable Helicity Conservation (HCns) property to 
all the 2 — )• 2 amplitudes, at high energy and fixed angle. This was established to all 
perturbation orders in [H |2], for the minimal supersymmetric model (MSSM); provided 
the energy is so high, that all SUSY masses can be neglected. Renormalizability is essential 
in proving HCns, since any known anomalous coupling would violate it |3]. 
More explicitly, HCns states that for any process 

a\a + K -^ ca, + dx^ , (1) 

with Xj denoting the particlqj helicity, all non- vanishing amplitudes at asymptotic energies 
and fixed angles, must be helicity conserving (HC), satisfying 

Xa + Xb = Xc + Xd ■ (2) 

Consequently, all helicity amplitudes that violate ([2]), must vanish at energies much larger 
than the SUSY scale, at fixed angles. Such amplitudes are termed as helicity violating 
(HV) ones. Evidently, HCns drastically reduces the number of the relevant asymptotic 
amplitudes in SUSY. 

For processes involving external gauge bosons, the HCns theorem appears striking 
even at the Born level, where huge cancelations among the various diagrams contrive for 
its validity. 

If the Born contribution to a process is non-vanishing, then HCns is approximately 
correct in the standard model (SM) also, up to the Hoop leading- log order [U El El II]- 
By this we mean that in such an SM case, the HV amplitudes, although not necessarily 
vanishing, are usually much smaller than the HC ones [3 El [7] . 

An approximate validity of HCns in SM, has also been observed at Hoop, in 77 — )■ 
77, 7Z, ZZ, where the W^-loop contribution is so overwhelming, that it renders the 
difference between SM and MSSM tiny El [IHl E] ■ Thus the exact HCns validity in 
MSSM, forces its approximate validity in SM. 

Since the HCns proof in [H [2] was done by neglecting all SUSY soft breaking masses 
and the /x-term, the worry that terms involving ratios of masses might possibly invalidate 
the general proof in [H [2], comes to mind. The only feasible way to address such worries, 
is through detail Hoop calculations, keeping all mass terms. The realization of helicity 
conservation as the energy increases, may then be investigated. 

This was first investigated in detail Hoop electroweak (EW) calculations for ug — t- 
dW^ [1] anco ug — )■ diX^ [12j, which confirm HCns for these processes, and leads to 
interesting asymptotic SUSY relations among the corresponding unpolarized differential 
cross sections [H [T2]. These cross section relations turn out to be approximately correct 
even at LHC-like energies, for a wide range of SUSY benchmarks P^ HH [THl dni ITT] . 



^Scalar, fermion or gauge boson. 
^xt describes a chargino. 



Subsequently, the study of the gluon-fusion processes gg — ;■ HH' , VH, to Hoop EW 
order, was done, where H, H' are Higgs or Goldstone bosons and V = 'j,Z,W'^ [TS]. 
The interest here is that there is neither a Born nor a Ty-loop contribution, hke the one 
dominating the 77 processes mentioned above. So, there was a chance to find processes 
where HCns is strongly violated in SM, while of course always obeyed in MSSM |T8] . Such 
properties were indeed found in gg — )• HsmHsm involving the SM Higgs particles; as well 
as in the Goldstone involving processes gg — )■ G^G^, G^G~, and gg — )■ Z^G^, W^G~, 
related through the equivalence theorem [TSl [201 Ell I 



The purpose of the present work is to explore the validity of HCns in MSSM, and its 
violation in SM, in the gg — )■ VV processes for VV = 77, •yZ, ZZ, W^W~ , calculated at 
the Hoop EW order. In this case, we should meet HC amplitudes involving transverse, as 
well as longitudinal, gauge bosons, and hopefully find many new instances, where HCns 
is realized in MSSM, and strongly violated in SM. 

In achieving this, we construct simple analytic expressions for all the Hoop helicity 
amplitudes at asymptotic energies, in either SM or MSSM. At such high energies, the 
amphtudes only depend on the gauge couplings, and they either go to generally angle- 
dependent " constants" , or vanish. 

In MSSM, in agreement with HCns, only the HC amplitudes survive asymptotically; 
while the HV amplitudes go to zero, due to spectacular cancelations among the quark 
and squark contributions. 

In SM though, all HV amplitudes with the final gauge bosons being either both trans- 
verse or both longitudinal, go asymptotically to constants, similar in magnitude to the 
HC amplitudes. Only those where one of the final gauge bosons is transverse and the 
other longitudinal, continue to vanish in SM. 

Thus gg — ?■ VV provide a rich set of examples where HCns is strongly violated in SM, 
while obeyed in MSSM. This further strengthens the claim that HCns is a genuine SUSY 
property [H |2]. Such processes have been studied before, but the helicity properties of 
the amplitudes were not noticed [22]. 



A Fortran code supplying the complete lllop hehcity amplitudes for all the gg — )■ VV 
processes, in either SM or MSSM, at any cm. energy and angle, is released in [23]. Using 
these, we present illustrations in SM and MSSM. The implied cross sections induced from 
the gg — )■ 77, jZ, ZZ, W^W~ contributions at LHC, are also shown, in MSSM and SM. 
If the squarks lie in the TeV region, the MSSM changes to the gg — >■ ZZ, W^W~ cross 
sections, relative to the SM ones, are found at the (20-30)% level for TeV cm. energies. 
We argue that such effects may be observable. 

The contents of the paper are the following. Sect. 2 summarizes the complete one loop 
calculation oi gg — )■ VV . In Sect. 3 we present the simple analytic expressions for the high 
energy limit of the various amplitudes, in both MSSM and SM. In Sect. 4, the Fortran code 
is introduced and various illustrations for the amplitudes and cross sections are given. A 
summary of the results and possible future developments are given in Sect. 5. 



2 The gg — > VV diagrams and amplitudes. 

The gluon-fusion processes to two electroweak (EW) vector bosons addressed here are 

g'^{l,li)g\l\li')^V{p,T)V'{p\T') , (3) 

where {VV = 'j'j, 'jZ, ZZ,W~^W~). Here {l,l',p,p') describe the momenta of incoming 
gluons and outgoing vector bosons, while (/i, /i', r, r') denote their corresponding hehcities. 
The indices a, 6 in ([3]) denote the gluon color, so that non- vanishing amplitudes could only 
appear for a = b. 

Following the standard Jacob- Wick conventions |23], the helicity amplitudes for these 
processes are denoted as 

i^;/;.'(v^,^) , (4) 

where (a/s, 0) describe the subprocess cm. energy and angle, while vS denotes the total 
LHC cm. energy. A gluon color factor 5"'' is always removed from the F-amplitude, 
defined so that the phase of iF coincides with the S-matrix phase. 

For the gluons we always have {fj^,fj^' = ±1)- Depending on the final vector-boson- 
helicities, the amplitudes where both VV are transverse are referred to as transverse- 
transverse (TT), those where one is transverse and the other longitudinal are called LT 
or TL amplitudes, while those with r = r' = are called LL amplitudes. 

As already said, there is no Born EW contribution to the processes in ([3]). Non- 
vanishing contributions first arise at Hoop, where the needed independent graphs for 
MSSM are shown in Fig{Tl A subset of these graphs involving only quark exchanges, and 
where Higgs exchange corresponds to Hsm, determines the SM result. 

The squark-exchange bubbles C, C, C" and the triangle D in FigH] are by defini- 
tion symmetric under the exchange of the two initial gluons. All others must be gg- 
symmetrized by adding the corresponding gluon symmetrization (gSYM) contribution 
though the interchange 

H -^ jj! , cos 0^— cos 6* , sin^^— sin0 . (5) 

Taking gSYM into account, we immediately see that charge conjugation forces the trian- 
gles A' and 5', and the bubble C to vanish separately. 

Since in the graphs of FiglH we never exchange V and V , the antiquark or antisquark 
loop contributions are sometimes physically distinct and must be added. This is the case 
for the F-box. For the if -box though, the quark and antiquark loops have the same 
physical origin, and therefore only one must be considered. The calculation of the F and 
H boxes, was particularly laborious, since it needed traces of eight gamma matrices, with 
or without an additional 75, leading to boxes with at most two different masses along 
the internal lines. 



^Only needed for the W^W amplitudes. 



Correspondingly, the squark and antisquark loops provide physically distinct contri- 
butions, to the triangles Z), E, E' and the box G, and should both be included. On 
the contrary, for the box J, only the squark loop must be taken into account, since the 
antisquark loop describes the same effect. 

Adding all non-vanishing graphs in FigH] and performing the appropriate gSYM, all 
divergences cancel out. This is realized as follows. Triangle A and the sum of the graphs 
B -^C are convergent. Quark boxes F, H are divergent, but F + H is convergent. Squark 
graphs C", D' are divergent, but C" + D' is convergent. Squark triangles D, E, E' and the 
bubble C" are divergent, but the divergence of their sum cancels against the divergence 
of the boxes G + J. 

The calculation of the graphs in FigH] was done analytically, expressing the helicity 
amplitudes defined in (jl]), in terms of Passarino-Veltman functions |2S], multiplied by 
forms depending on the particle-helicities and the cm. energy and angle.. For simplic- 
ity, we have neglected CP violation in either SM or MSSM. The amplitudes satisfy the 
following symmetries [21]: 

Bose-statistics for the initial gluons gives 

KJrAO) = (-l)^-^'F;i;V,(7r - 6) , (6) 

while yV^'-exchange implies 

F:XA0) = KX'ri- - 0) , (7) 

for all \^l^'-channels. 

CP invariance for VV = 77, 7Z, ZZ, gives 

<,C'(^) = {-ir-^'FZ-,',-r,-A(^) , (8) 

while for the charged channel W^W~ we get 

FZtT (0) = i-^y-^'FXrT {7c-e) = fXX^_^,_M ■ (9) 

In addition, at the Hoop level, we find 

pW+w-^Q-^^pW+w-^Q-^ • (10) 

Combining ([6], [T]) for the 77-channel, we gelo 

F',;'rAo) = f;:;1^,A0) . (n) 

Correspondingly, for gg — )■ ZZ, the combination of (El [3, [HI), implies 

F^^rAO) = Aiy-' F^>lA^ - 6) , 
F^lAe) = F^Ui^ - 6) , 

F'JrAd) = {-iY-''F'4_^,_^_Ad) . (12) 



*In addition to it, there exists also a photon-gluon symmetry, because of their common 7p-couphng. 



These symmetries constrain the number of independent hehcity amphtudes of the 
various processes gg — )■ VV . Below we enumerate these independent amphtudes, conve- 
niently separating them in three classes. The helicity conserving (HC) amplitudes that 
respect (|2]); the helicity violating TT and LL amplitudes, {HVtt,ll) that violate ([2]); and 
finally the transverse-longitudinal HVtl and HVlt, which also violate ([2]). 

As a result, for gg — )■ 77, there are 4 independent helicity amplitudes, namely 



HC 

HVj'T 



pii 
J- I — I _ 



XO) 



P77 

p77 
J- I — I _ 



XO) 
XO) 



P77 

p-n 



X-^-o) , 

XO) = Fll_ 



XO) = FIU_ 
Correspondingly, for gg -^ 7Z, we take as independent the 9 amplitudes 



m . (13) 



HC 

HVtx 
HVtl 



++- 

?lZ 



?lZ 



iZ 



XO) , n%-io) 



?lZ 



XO) 



?iz 



XO) , F 



iz 



XO) 



FlUiO) , Ff,UO) 



piz 

?lZ 



XO) 



71Z 



TT 



TT 



(14) 



For gg — t- ZZ, flT2l) implies 10 independent amplitudes taken as 



HC 

HVtt,ll 
HVtl 



F'4A0) 



■^ZZ 



XO) 



:^ZZ 



TT 



_{Q) , Fit^AQ) , Fii__{Q) 



T?ZZ 

' -^+-00 
^++00 (^) 



{0) 



:^ZZ 



-+0 



{0) 



F'4-.{0) 



(15) 



Finally for gg — )■ W^W , the combination of ([HI El [IDD, implies 14 independent 
amplitudes for which we take 



HC 

HVtt,ll 
HVtl 
HVlt 



-,w+w- 



rpW+W- 
+++0 

-,W+W' 
-+0+ 



{0) 
(0) 
(0) 



■,w+w- 



Fl'An'TXO) 



F^::^s{o) 

pw+w 

XO) 



r:Tio) 

-^++0- 



:,W+W- 



+H 

rpW+W- 
+ -+0 



{0) 
(0) 
(0) 



+-00 {0) 

'++00 [0) 

:pW+W- 
+ — 



(0) 



(16) 



The analytic results derived from Fig{T], are used to construct the Fortran code re- 
leased together with this paper, which calculates all helicity amphtudes. 



3 Asymptotic behavior of F^^Vr' i^i SM and MSSM. 

In this Section we give the analytic asymptotic expressions for all Hoop independent he- 
licity amplitudes for the processes in ([3]). These are valid at very high energies and fixed 
angles, in both SM and MSSM. For MSSM this means a/s 3> Msusy, with Msusy describ- 
ing the scale of the squark masses, and satisfying Msusy ~ 1 TeV, for the benchmarks 
Ha m [ig [Tg I?]. For SM, v^ > rnvF is sufficient. 
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It turns out that in MSSM, all HV amplitudes {HVtt, HVll and HVtl) indeed vanish 
asymptotically, while the HC ones tend to non- vanishing, angle- dependent " constants" . 

In SM, the HC amplitudes continue to behave like angle- dependent " constants" asymp- 
totically. But in this case, the HVtt and HVll amplitudes are also non-vanishing asymp- 
totically, behaving like real constants, independent of the angle. The if Vri-amplitudes 
continue to tend to a vanishing limit inO SM (as they were also doing in MSSM). 

So we only need to discuss the "constant" limits of the TT and LL amplitudes. These 
may be directly obtained from the analytical results for the graphs in FigJTJin terms of 
the Passarino-Veltman functions [25], using the asymptotic expressions given e.g in [26] . 
Alternatively, for W = 77, 7Z, ZZ, these may be obtained from the 77-fusion results 
of [TOl m |9]. For the WW case though, some extra work had to be done, particularly 
concerning the proof that the 75 contribution of the F + H boxes in FigUl indeed vanishes 
asymptotically. Having done this, the values of the aforementioned limits, (which fully 
agree with the results of the Hoop code [23]) have been obtained. They are presented 
below, separating the TT and LL amplitudes: 

The TT-amplitudes 

Their general structure for all gg — )■ W processes in MSSM has the form [TO] 

where f and /^ denote respectively the V^-independent part of the asymptotic quark and 
squark box loop contributions. Expression (fT7|l may also be used for SM calculations, 
provided the /''-term is dropped. 

The relative magnitudes of the various processes in (fT7|) is solely determined by the 
relevant couplings [TD] 

CvV'q = 2 ^ [dVqdv'q + 9vq9v'q\ ' (18) 

flavors 

where the summation is over all quark flavors. For three quark-generations, we thus find 
_ (9-^841+2040 ^ _(9-20£|0 ^ _15 _ 3 

for gg — )■ ZZ, •yZ, 77, and W^W~, respectively. 

The explicit expressions for the f^, f^ in (fT7|) are [TO] 

fflfl'TT' = ~'^^flfl'TT' + ^^^'tt' , ffj.fj.'TT' = ^/^/x'tt' ) (20) 



^By the equivalence theorem, this result is identical to the asymptotic vanishing of the gg — > VG 
amplitudes found in 18^ and induced by a mass suppression appearing already at the trace computation. 



where the only non-vanishing contributions are 

Aut 



At 
5+- 



s 



--A 
--A 

5 



4- 



Ast 



In^ 



In^ 



Asu 



t2 



In^ 



In^ 

(5* = -4 
5" = -4 



+ vr 



In^ 



In^ 



+ 7r 

— 227r In 
— 2i7T hi 

— i 27r In 

— 2 27r In 



4(t - n) 



In 



u 
4(s-m) 






tTC 



i-n 



(21) 



(22) 



for the HCtt amphtudes, and 

aS _ aS 



= A' 



A' 



A' 



A 



+-+ 



A 



A' 



A' 



+++ 



4 



(23) 



for the HVtt amphtudes. Note that the substitution of t = — s(l — cos0)/2 and 
u = — s(l + cos6)/2 in the asymptotic relations fl?Tl [22]), provides consistent equivalent 
expressions in terms of 9. 

Substituting (I19tl23p in (TTTj) . one observes that in MSSM , the squark contributions 
f^ = A^ cancels out the A^ part of the quark boxes, so that non- vanishing contributions 

can only arise from the (5-terms in (!22|) . Therefore, only the HC amphtudes F+_+„, F_| ^, 

F__|__+, F_+_,__, F_,_+_|_+ and F survive asymptotically, acquiring energy-independent, 

but angle- dependent values. A compact form of them may be written as 



Figg ^ ZZ)- ,,, 



aa. 



(9 - 18s^ + 20s 



WJj: 

'-'flfl'TT' ) 



F{99 ^ 7^)::;^.' = aa,%-^^5,,v.' 



24:SwCw 



Figg -^ llT^^'rr' 

F{gg -^ W+W~) 



atts-^MM'-rr' 



aa^ 



8s 



2 ^^^'tt' 
W 



(24) 



in terms of (122|) . 

On the contrary, in SM there are no squarks, so that only the quark box contribution 
f^ = —2A^ + 6 must be retained in (TT7 1[20|) . Using then (I2m23p . we obtain non- vanishing 
asymptotic limits for all the HCtt and the HVtt amplitudes. The HCtt limits continue 
to depend on the angle; see (1211 1221) . But HVtt amplitudes in SM, all tend to the same 
constant value, independent of the scattering angle 9; see (123|) . 



The LL-ainplitudes 

These asymptotic hmits only concern the gg — )■ ZlZl, W^W£ amphtudes, which should 

be equivalent to gg -^ G^G^, G+G' respectively mi [201 |2l] • 

In SM, non vanishing "constant" limits are found for both, the HGll amplitudes 

uniiis] 

pzz fn-. _ pzz fn-. ^ ^^ K + mg) r ^ (1 - COS g) (l + cosg) -| 

F^-ooiO) - F.UO) -, ««« 16,2^^2^ 1^ 1 + cos^ +^ 1-cos^l ' 

^4-00 iO) = F,^,, ^""^^^^4:<;l^ 1 + cos^ +^ 1-cos^ 
where 5*, 5" are defined in fl22|) : and the HVll amplitudes 

^++00l^J - ^— OOI^T - fc^j ^ -""«— 2~32 ■ l^*^^ 

In MSSM , the HVll amplitudes Fff^Q, F^_^q vanish because of squark/quark can- 
celations; while the HGll limits in f l25|) continue to hold, due to the vanishing of the 
asymptotic squark-loop contributions. 

It is worth emphasizing at this point that in both, MSSM and SM, the asymptotic 
limits of the TT amplitudes depend solely on the gauge couplings; while the LL ones 
depend in addition on the top and bottom masseqj. 

It is moreover impressive to observe the SM HVtt and HVll amplitudes to tend 
asymptotically to real constants, which in MSSM are exactly canceled by opposite squark 
contributions, due to the beautiful HCns theorem. 

Note that the behavior of the HVll amplitudes -F++00' -^-T+oo i^ related by the equiv- 
alence theorem (THl EHl EI], to the Goldstone amplitudes discussed in [IB]. The HVtt 
results though, are new and indicate strong violation of HCns in 12 independent SM 
amplitudes; compare fll3til6p . 

The approach to the limiting values of the various gg — > W amplitudes mentioned 
above, appears like mj yfs or m? / s, multiplied by logarithms. Therefore, the asymptotic 
limits should be reached rather early; i.e. as soon as the energy exceeds by a few times 
mw in SM, or Msusy in MSSM. 



The limits (1171) . may be used to derive the asymptotic relation 

F^l^'rr'igg -^ 77) _ Ff,f,frr'{99 ^ 1 Z) 

_ F^^,,,,{gg ^ ZZ) _ F^^^^r'igg ^ W+W- 



GzZq GwWq 



(27) 



^We neglect the quark masses of the first two generations in this work. 



for the HCtt amplitudes in MSSM, and all TT-amplitudes in SM. 

In MSSM, where all other amplitudes vanish asymptotically, f l27p may be transformed 
to asymptotic relations among unpolarized cross sections, by subtracting the LL-parts 
of the gg — )■ V^l^'-processes, using the i?i,i?2,-R3 relations of |T8] and the equivalence 
theorem [191 1201 |2T]. This way, in addition to the seven relations (i?i, ... R-j) derived in 
[TSl. we obtain 



Rii 



^{99 -> 77) (^{99 -^ iZ) 



&[gg^ZZ)-{^^^\{gg^h^h^) 



(-^2 r^2 r^2 

a(gg ^ W+W-) - {^yH99 ^ h^h') - {^Y ^99 ^ Zh' 



^2 ' V ""^ 

^WWq 

where we have used the " dimensionless" unpolarized differential cross sections 

a{gg^VV) = -^-^ = > ^^ ^ , (29) 



flfl'TT' 



and correspondingly for the h^h^ and Zh^ production processes. The constants needed in 
(1281) are 



Rai =mf + ml , R, 



mf cos^ a ml sin^ a 



Sm p COS"' p 

m? COS a m? sin a ^ , ^ 2 r^ /o^\ 

Rb2= \ ^ + ' , Ri = w?^-mlc^Rai , 30 

sm p cos p 

defined in [18], with a,/3 being the usual scalar sector angles in MSSM. Eqs.( 1T9l) is also 
used in (l28ll . 

Relation ( l28l) is an asymptotic MSSM prediction involving measurable cross sections. 
It is on the same footing as the -Ri, -R2, -R3, -R4, -R5, relations listed in (23-27) of [18] . 
If MSSM is realized in Nature, their validity is guaranteed, provided the energy is suffi- 
ciently higher than the SUSY scale. 



4 Numerical results in MSSM and SM 

The asymptotic values of all TT and LL amplitudes for gg — t- W in SM and MSSM, 
only depend on the gauge couplings and the top and bottom masses; see Sect. 3. The 
corresponding numerical results are given in Table 1. The longitudinal-transverse {HVtl) 
asymptotic amplitudes are not presented, since they all vanish, for both MSSM and SM. 
As seen from this Table, all HV amplitudes indeed asymptotically vanish in MSSM, 
in agreement with HCns. 
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Table 1: Asymptotic TT and LL Helicity Amplitudes divided by aa^, 
and asymptotic cr{gg -^ W), in MSSM and SM, at 6 = 60°. 



99^77 


99 ^iZ 




MSSM 


SM 




MSSM 


SM 


F++++{9) 


-37. 


-26. 


F++++{e) 


-19. 


-13.5 


F+^+-{0) 


-6.4 + i29 


-3.4 + i20 


F+-+-{9) 


-3.3 + Z15. 


-1.7 + Z10.3 


F+-+{e) 


-0.28 + i6.0 


-0.14 + i4.0 


F+-+{e) 


-0.14 + ?3.1 


-0.07 + i2.1 


F++-{9) 





6.7 


F++-{e) 





3.4 


F+++-{e) 





6.7 


F+++-{0) 





3.4 








F++-+{9) 





3.4 








F+-++{e) 





3.4 


^{99 -^ 77) 


4567 


2654 


a{gg -^ -fZ) 


1220 


709 


gg^ZZ 


gg -^ W+W- 




MSSM 


SM 




MSSM 


SM 


F++++{e) 


-61 


-43 


F++++{e) 


-72. 


-51. 


F+^+-iO) 


-10.6 + Z48.1 


-5.6 + i33. 


F+-+A0) 


-12. + z56. 


-6.5 + i39 


F+-+{e) 


-0.46 + ilO. 


-0.23 + i6.7 


F+__+(0) 


-0.5 + Z12. 


-0.27 + i7.8 


F++-{0) 





11. 


F++^-{0) 





12.9 


F+++-{0) 





11. 


F+++-{0) 





12.9 


F+^++{e) 





11. 


F+_++(0) 





12.9 


F+-oo{0) 


-4.6 + i43. 


-4.6 + i43. 


i^+-oo(^) 


-2.6 + i56. 


-2.6 + i56. 


F++oo{G) 





-20.5 


F++oo{0) 





-20.5 


a{gg ^ ZZ) 


16226 


11820 


H99 ^ W+W-) 


21232 


14873 



On the contrary for SM, the full number of the 12 independent HVtt amplitudes and 
the two HVll ones, acquire non- vanishing asymptotic values, comparable to those of the 
HC amplitudes. Moreover, these SM asymptotic amplitudes only depend on the process; 
they are independent of the scattering angle and the specific helicities; see flT9| [23l [26]). 

A further conclusion we can draw is that, contrary to the situation in 77 — )■ 77, 7Z, ZZ, 
where HCns is approximately satisfied in SM [H El [10]; it is strongly violated in the 
gg -^ VV SM amplitudes. 

In the same Table, the asymptotic values for the " dimensionless" unpolarized differ- 
ential cross sections defined in (!29l) are also given. 

The analytic calculation of the diagrams in FigJT] is used to construct the ggvvcode 
Fortran code computing the hehcity amplitudes of the processes ([3]) in SM and MSSM, 
as functions of the cm. energy in TeV and the cm. angle in radians. The amplitude 
conventions are given immediately after (|1]), while its overall normalization is fixed by 
f[29l) . A factor aas has been removed from the amplitudes, in the code-output. All in- 
put parameters are taken real and at the electroweak scale. The code, accompanied by 
a Readme file explaining its compilation and use, may be downloaded from |23]. The 
asymptotic limits presented in Table 1 agree with the results of the code. 
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Using this code we study in detail how the Hoop EW corrected amphtudes behave, as 
the energy increases. The results for these amplitudes are presented in figures bellow, the 
main goal of which is to show the differences between SM and MSSM. Thus, in Figs J2|3] we 
present the HC and HVtt,ll independent helicity amplitudes for gg —)■ W~^W~, defined 
in flT6l) . The corresponding ones for gg — )■ ZZ, are shown in FigsHl [5] using flTSl) : while in 
FigsEl the HC and HVtt independent amplitudes for gg — )■ jZ are shown using flT^ . 

In all these cases, left panels give the SPSla' MSSM result [13], and right panels 
the SM one. The upper panels always describe the energy distributions, while the lower 
panels give the angular distributions. Note that the sensitivity of the MSSM result on the 
specific benchmark, is only at intermediate energies. The high energy limit is independent 
of it; while at energies much below Msusy, all MSSM amplitudes coincide with the SM 
ones . 

No amplitudes for gg — )■ 77 are shown, since their structure is very similar to the 
gg — )■ -yZ results, apart from the overall scale factors; compare fl27l [T9|) . 



As seen in Figsj^l HI [HI the shapes of the various HC amphtudes in MSSM (SPSla') 
and SM, are rather similar, for all processes (jSj), while their asymptotic values are reached 
at energies < 4TeV . 

The differences between MSSM and SM become striking though, for the HVtt,ll 
amplitudes in FigsISl El [3 In MSSM (left panels) they vanish quickly like 

TTl 

F+++- ^ F+_++ ~ ^log" s , 



2 
m 



l^+++-l > |i^++oo| > \F++-\ log" s , (31) 

s 

for gg — )■ W~^W~ , ZZ; while for gg — ;■ 7Z they behave as 



2 
m 



F+++_ ^ F++_+ ^ F+_++ > |F++__| log'^ s , (32) 

s 

where n, n', n" are numbers. 

In SM (right panels of Figs|3l |5l [7]) all HVtt,ll amplitudes go to constant, angle- 
independent limits, as required by flTTl |23| [26]) . Moreover, for gg — > W~^W~, ZZ, the 
-F_|__|_oo amplitude is the largest one, above ~ 2TeV. This is also confirmed by Table 1. 

We next turn to the TL or LT amplitudes, which vanish at high energies, in both MSSM 
and SM. The difference between the MSSM and SM predictions for these amplitudes is 
very small, for all energies. Therefore, we only show MSSM results here. 

In FigsJH] we present the TL (left panels) and LT (right panels) amplitudes for gg — )■ 
W~^W~ for [SPSla'). The upper panels give the energy distributions, while the lower 
panels give the angular distributions at y/s = lOTeV. As seen there, all these amplitudes 
vanish quickly, with increasing energy; while F^_^_{9) ~ —F^j^q{9) ~ at almost all 
energies. 
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A similar behavior is observed in FigsJHlpresenting the HVtl aniphtudes for gg — t- ZZ, 
with the left panel giving the energy distributions, and the right panel the angular ones, 
always in MSSM. Again F^^q_{9) = -F^^_q{9) ~ is found at almost all energies. The 
corresponding amplitudes for gg — > 7Z vanish even faster, as the energy increases. 

Concerning the angular dependencies of the various amplitudes appearing in Figsl2]- 
[9], we remark that their approach to asymptopia for the MSSM {SPSla') benchmark, 
reaches the 10% level, already at an energy of about 10 TeV, for a wide angular region. 
This is most convincingly seen by comparing the angular distributions for the dominant 
HC amplitudes in FigsIJ], HI [6l with the suppressed HV amplitudes in FigsJSl [5], [71 [H [H 

In Figiiniwe present the " dimensionless" unpolarized differential cross sections defined 
in ( l29l) for all four processes in ([3]). The panels of the first row refer to the H^H^-channel, 
those of the middle one to the ZZ-channel, and finally those of the third row to the 7Z 
and 77 channels. In each row, the left panels give the energy dependence for a fixed angle 
9 = 60°, in both SPSla' of MSSM |13j and in SM. Correspondingly, the right panels give 
the angular dependencies in radians, at cm. energies 1 and lOTeV for WW and ZZ, but 
only at 10 TeV for 77 and jZ. 

At very high energies (s ^ Mg^gY)J the cross sections in Fig{TUl only depend on the 
gauge couplings and the top and bottom masses; compare the asymptotic results in the 
Table. Nevertheless, the differences between the SM and MSSM predictions, even at very 
high energies, are quite large and of course independent of the MSSM benchmark. At 
s ^ Mg^gY^ the SM and MSSM results should of course coincide. The only possible 
benchmark dependence may appear at energies comparable to Msusy, which of course, 
apart from the actual dependence on it, may also push the validity of the asymptotic 
predictions to higher or lower energies [131 [El [13 [13 Il3 ■ 

We are presently investigating other such asjTiiptotic relations involving the unpolar- 
ized cross sections ai^gg — )■ VV), a{gg — )■ xtxj) ^^^ ^{.99 ~^ X^X^) [27j. Some of these 
relations are found to be approximately correct even at LHC type energies, for SPSla' [li 



and similarly low SUSY scale benchmarks; much like it appeared for ug — )■ dW~^, dixt 
in [12]. There exist cross section relations though, like those involving the production of 
specific neutralino or chargino pairs, where much higher energies are needed for them to 

hold m 



We next turn to what could eventually be the LHC implications of the extensive 
Hoop EW calculation for gg — )■ VV, we have performed. To avoid any misunderstanding 
though, we emphasize that the reason we have performed this calculation was not in 
order to check its observability at LHC; but in order to improve our understanding of the 
beautiful helicity conservation property endowed to SUSY. 

Having said this, the contribution to VV production due to gluon fusion at LHC, may 
be written as 

da{pp ^ VV...) _ Ly, da{gg ^ VV; s) 



dsd cos 9 S dcos9 
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Lgg= / — -9{xi,Q'^)g(—,Q'^] , 
Jo xi \xi J 



s 



(33) 



where g{x, Q"^) is the gluon distribution function of the proton at an appropriate scale Q 
[28] . s is the subprocess cm. energy-squared, 9 is the cm. scattering angle, and S the 
LHC energy-squared. The relation of the F^^^^, amplitudes to the cross sections appears 
in ([29]). 

Relation (|33|) is the basic quantity determining the difference between SM and MSSM. 
Integrating for example over all angles, we get the invariant mass squared distributions 
da{pp — )■ VV')/ds presented in the left panel of Fig{TT], for SPSla' [13] and SM. In it we 
used Q = ^/s, and the MRST2006nnlo code for the gluon distribution functioiJ3 |28j . 

Correspondingly, in the right panel of FigJTT| we show the relative changes that MSSM 
creates to the SM predictions for da{pp — )■ VV')/ds. As seen there, the difference between 
the MSSM and the SM predictions at ~ ITeV, reaches the 30% level for the WW channel, 
while for the ZZ channel it approaches 70%. For the 77 and 7Z channels, the effect is 
rather small. This is mainly due to the triangle graphs involving Higgs exchange in the 
s-channel, which are very important for the WW and ZZ channels (due to a large LL 
contribution), but absent in the 7Z and 77 channels. 

Integrating da{pp — )■ VV')/ds for all invariant masses higher than 0.5, 1 or 2 TeV in 
SM and SPSla', we obtain the results of Table 2, indicating again an appreciable SUSY 
effect in the WW and ZZ channels, provided the SUSY scale is in the S'PS' la'-range. 

Table 2: Gluon fusion contribution to the LHC VV production cross section in SM, and 
the relative SPSla' MSSM effects, for various ranges of the subprocess energy ^/s. 





a{pp -^ 77) gg 


a{pp -^ -fZ)gg 




SM (fb) 


{SPSla' -SM)/SM 


SM (fb) 


{SPSla' -SM)/SM 


,/s > 0.5 TeV 
^/s>lTeY 
^/s>2TeY 


17.4 
0.657 
0.011 


0.005 
0.055 
0.37 


5.33 
0.186 
0.003 


0.005 
0.008 
0.341 




a{pp -^ ZZ)gg 


a{pp -^ W+W-)gg 




SM (fb) 


{SPSla' -SM)/SM 


SM (fb) 


{SPSla' -SM)/SM 


,/s > 0.5 TeV 
^/J > 1 TeV 
^/s>2TeY 


64.9 
2.35 
0.039 


0.239 
0.417 
0.232 


77 
3.09 
0.052 


0.125 
0.224 
0.266 



The (20-30)% SPSla' effects for gg -^ ZZ, W+W' in FigHHand Table 2, may be ob- 
servable at LHC and interesting; note that the QCD and parton-distribution uncertainties 
are usually less than 10%. For concrete predictions though, a detail collider simulation 
study is needed, including the potentially much larger qq — )■ VV subprocess cross section 
and a background study, using appropriate LHC cuts. Such a study is much beyond the 
scope of the present work. 



^Very similar results are expected for e.g the lowest order gluon distributions MRST20041o of [28] also. 
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5 Summary and future developments 

In the present work, we have made a complete Hoop computation of the electroweak 
contributions to the processes gg — >■ 77, 7Z, ZZ, W^W^ . Since there is no Born terms to 
these, their amphtudes reflect deeply the features of the electroweak djTiamics. 

These amplitudes are divided into two classes; the helicity conserving (HC) ones that 
in MSSM respect HCns, and the helicity violating (HV) ones, that violate it. We have 
calculated them in SM and MSSM, and a numerical code is released, which gives all 
amplitudes as functions of the cm energy and angle. All input parameters are assumed 
real and taken at the EW scale [23].. 

In addition, simple analytic expressions for all asymptotic amplitudes in SM and 
MSSM, have been established, which are valid up to small corrections 0{m/\/li) or 
@{rn? /s). These expressions depend only on the gauge couplings and the top and bottom 
masses. For the HC amplitudes in particular, they are energy- independent, but depend 
on the scattering angle, in both MSSM and SM. 

In MSSM, all HV amplitudes of course vanish asymptotically, and HCns is respected. 

But in SM, only the TL and LT amplitudes tend to zero at high energies. All the TT 
and LL helicity violating amplitudes become asymptotically real constants, independent 
of the cm. angle, and comparable in magnitude to the HC ones. There are twelve 
independent such TT amplitudes, and two LL ones, indicating that HCns is strongly 
violated in SM for gg -^ 77, 7Z, ZZ, W+W- . 

In [18] we have seen such a strong violation of HCns in SM, but it only affected 
amplitudes related by the equivalence theorem to the two LL above [191 EOl El]. The 
HCns violation for the transverse HV amplitudes presented here, is a new result involving 
many more amplitudes. 

The HCns validity in MSSM for transverse amplitudes were previously seen in 77 — )■ 
77, 7Z, ZZ processes, [8], |9l HD]; but in that case, the W loop dominance allowed one to 
infer that helicity conservation is approximately true in SM also. An inference supported 
also by all processes enjoying a non-vanishing Born contribution. 

It is only in the present study of gg — )■ 77, 7Z, ZZ, W~^W~, that a strong violation 
of HCns has been seen in SM, for amplitudes involving transverse electroweak bosons. 

As seen from the figures, at very high energies the SM and MSSM amplitudes and 
cross sections are considerably or even spectacularly different. In fact, at such energies 
the difference between SM and MSSM solely arises from the quantum numbers of the 
virtual particles participating in the loops; quarks in SM, and quarks+squarks in MSSM, 
with their masses and mixings being irrelevant. So gg — )■ VV at very high energy simply 
measure the quark and squark degrees of freedom, and can only depend on the gauge 
couplings, as we have found above. 

Intermediate energies comparable to the SUSY scale, is the place where the differences 
between SM and MSSM predictions depend also on the SUSY masses and mixing param- 
eters. These differences originate from all possible amplitudes, TT, LL and TL or LT. 
They affect both, the magnitude and the angular distribution of the cross sections. The 
ggvvcode released here, may be used to study such effects for gluon fusion to EW gauge 
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bosons. 

When some SUSY masses will hopefully be discovered at LHC, the above code, as 
well as the corresponding one released in [IB], may be used to indicate how the actual 
gg — )■ VV, HH', VH amplitudes compare to their asymptotic helicity conserving values. 
In fact, it is through such codes, and the corresponding ones released in [U [12], that the 
non-asymptotic implications of the physics leading to the HCns theorem [H [2], may be 
assessed. 

A nice way to understand the meaning of HCns [Lt2\, is to relate it to the old Coleman- 
Mandula theorem [29], which was claiming that any attempt to combine no trivially the 
Poincare and internal symmetries, would necessarily lead to vanishing amplitudes for all 
processes. The only known way to evade this theorem is supersymmetry; but not without 
a price. And the price SUSY has payed, is to have most of its 2-to-2 amplitudes vanishing 
asymptoticalljo. Only the few helicity conserving ones can survive in this limit [H |2]. 

Up to now, in all our MSSM studies, we have assumed R-parity conservation. It should 
be straightforward to extend HCns to any non-minimal SUSY model in four dimensions, 
provided renormalizability is respected. Renormalizability seems necessary for the validity 
of HCns. All known non-renormalizable couplings violate it, already at the tree level [3j. 
The validity of HCns in cases where R-parity is violated, needs to be investigated. 
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CT-2006-035505 HEPTOOLS, and the European Union ITN programme "UNILHC" 
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Figure 1: Independent EW contributing graphs to gg — ?> VV. Full internal lines describe 
quark exchanges, while broken lines denote squark exchanges. The Higgs H exchanges in 
the graphs tri-A, tri-B and tri-C, are also denoted by broken lines. V, V, V" denote the 
EW gauge bosons. 
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Figure 2: HC amplitudes for 5f(7 — )■ W'^W" in SPSla' and SM. Upper panels give the 
energy dependencies at a fixed cm. angle 6 = 60°; while lower panels give the angular 
distributions for a cm. energy y/s = 10 TeV. Left panels always give the MSSM (SPSla') 
result [13], while right panels the SM one. 
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Figure 5: HVtt and HVll amplitudes for gg — )■ ZZ in SPSla' and SM, as in Figj2j 
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Figure 6: HC amplitudes for gg — )■ '-fZ in SPSla' and SM, as in Figl2j 
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Figure 7: if VrT-amplitudes for gg — )■ 7Z in SPSla' and SM, as in Figl2j 
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Figure 8: HVtl (left panels) and HVlt (right panels) amplitudes for gg — )■ W^W~ in 
SPSla'; tt' = 0. Upper panels give the energy distributions at ^ = 60°, while the lower 
panels give the angular distribution at ^/s = lOTeV. 
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Figure 9: HVtl amplitudes for gg — )■ ZZ in SPSla'. Left panel gives the energy distri- 
bution at ^ = 60°, while the right panel gives the angular distribution at lOTeV. 
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Figure 10: Dimensionless unpolarized differential cross sections for oi^gg — t- 
W^W-, ZZ, 77, 7Z) defined in (El), for SPSlo! and SM. Left panels give tlie en- 
ergy distributions, wliile right panels the angular ones. 
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Figure 11: Left panel: The gluon fusion contribution to the LHC cross section as a 
function of the subprocess energy- squared s, for W~^W~, ZZ, 7Z and 77 production in 
SPSla' of MSSM and in SM. Right paneh The SPSla' result is compared to the SM 
one, for all these processes. 
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